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TNF-αWhile circulating/plasma membrane vesicles have been extensively characterized, due to the lack of effective
methods cell-bound membrane vesicles are poorly understood including their shape and correlation with the
intracellular cytoskeleton. In this study, we focused on cell-bound membrane vesicles and individual vesicle-
derived pits on endothelial cells by using confocal microscopy and atomic force microscopy (AFM). For the
ﬁrst time, we found that cell-bound membrane vesicles are hemisphere-shaped and that the actin cortical
ﬁlaments/network lies at the cytosolic opening of a vesicle instead of being closely attached to the inner side
of the vesicle membrane. This structure of cell-bound membrane vesicles may be beneﬁcial to their movement
in, or release from, the plasma membrane of cells due to less membrane–cytoskeleton coupling to be broken
therefore probably minimizing energy consumption and time usage. Further study indicates that TNF-α
activation induced a signiﬁcant increase in average number/size of cell-bound vesicles and the local disruption
of the actin network at the cytosolic opening of cell-bound vesicles.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Circulating/plasma membrane vesicles are micro-/nano-sized parti-
cles generally released from the plasma membrane of activated or
apoptotic or even resting cells. Theirmultifaceted roles have been inten-
sively studied in the past decades including cell-to-cell communication
[1,2], coagulation, inﬂammation, thrombosis, and angiogenesis [3,4],
among others [5]. Moreover, these released membrane vesicles are
tightly correlated with many diseases [6,7].
Althoughmembrane remodeling, ions and ion channels, cytoskeleton
reorganization, numerous signal transduction pathways, and others have
been implicated in the formation of circulatingmembrane vesicles [8], the
underlying mechanisms are still poorly understood. Moreover, all these
known knowledge were collected majorly from the angle of released/
circulating form of membrane vesicles. The studies from the angle of
cell-bound membrane vesicles may provide important information for a
better understanding of the formation of circulating membrane vesicles.
Until now, however, the cell-bound or cell-surface form of membrane
vesicles is less investigated due to the lack of effective research tools.
It is well known that cytoskeleton participates in themaintenance of
membrane asymmetry and that cytoskeleton reorganization could reg-
ulate membrane budding or vesicle release [8–11]. However, previousan District, Nanchang, Jiangxistudies generally focused on the related signal transduction pathways
involved in cytoskeleton reorganization by using biochemical tech-
niques [10,11]. Direct observation of the relationship between cytoskel-
eton and cell-bound membrane vesicles by using imaging techniques
will be very important and more convincing which is currently lacking.
While scanning electron microscopy and transmission electron
microscopy have been recruited to image circulating or cell-surface
membrane vesicles [12,13], no information on the structures and prop-
erties of cell-bound membrane vesicles had been obtained. Given its
great success in imaging individual liposome-like particles [14,15] and
cell-surface ultrastructures of many cell types at the nanoscale [13,
16–18], atomic force microscopy (AFM) has the potential to be an
ideal tool for imaging circulating or cell-bound membrane vesicles.
Recently, AFM has already been used to image circulating membrane
vesicles [14,19,20]. However, AFM detection of cell-bound membrane
vesicles has been less performed.
In this study, by using AFMaswell as confocalmicroscopy, we inves-
tigated the structure/property of cell-boundmembrane vesicles, partic-
ularly the spatial relation of vesicles with intracellular cytoskeleton.
2. Materials and methods
2.1. Cells and cell culture
Human umbilical vein endothelial cells (HUVECs), purchased from
Xiangya Central Experiment Laboratory (Hunan, China), were cultured
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with 10% (w/v) fetal calf serum (Hyclone, South Logan, UT), 100 μg/ml
streptomycin, and 100 U/ml penicillin. For all experiments, cell cultures
were passaged approximately ﬁve times.
2.2. Confocal microscopy
Approximately 2 × 104/ml HUVECs were cultured in a petri dish for
24 h in a CO2 incubator (37 °C, 5% CO2). The cells were then washed
twice with PBS and ﬁxed in 4% paraformaldehyde for 30 min. For the
imaging of the formation of vesicle-derived pits, after washing the
cells once with PBS and twice with distilled water, the petri dish was
mounted on the stage of an LSM710 confocal microscope (Carl Zeiss,
Oberkochen, Germany). After taking an image of the cells the liquid in
the petri dish was quickly sucked up. After being dried in air for 1 h,
the cells in the same ﬁeld were imaged again.
For immunoﬂuorescence imaging of the actin cytoskeleton, TRITC-
Phalloidin (Sigma) was used to stain F-actin; anti-paxillin mAb (Abcam)
and goat anti-mouse IgG conjugated with Alexa ﬂuor 488 were used to
stain paxillin, a putative molecule speciﬁcally locating at focal adhesions.
The confocal data were processed using the Zeiss LSM710 Zen Software.
2.3. Atomic force microscopy (AFM)
An Agilent series 5500 AFM (Agilent Technologies, CA) was utilized
here. For topographic imaging of vesicle-derived pits, the cells were
ﬁxed in 4% paraformaldehyde for 30 min, washed once with PBS and
twice with distilled water, air dried for ~1 h, and subjected to AFM im-
aging. After single air-dried cells were imaged, individual vesicle-
derived pits on the cells were imaged again by AFM. The data were ac-
quired using Si3N4 tips (Agilent Technologies, CA) with an end radiusFig. 1. Confocal microscopy visualizes the actin cytoskeleton of preﬁxed HUVECs in PBS. (A) C
stained with TRITC-Phalloidin (red) and mouse anti-paxillin mAb plus the goat anti-mouse Ig
respectively. (D) The merged image clearly showing very long actin stress ﬁbers with a focal aof 10 nm and a force constant of 48 N/m. AFM imaging was performed
in the tapping mode at a scan rate of 0.5 Hz in air.
For direct imaging of cell-bound membrane vesicles, the cells were
ﬁxed in 4% paraformaldehyde for 30 min, washed twice with PBS and
subjected to AFM imaging. The data were acquired using Si3N4 tips with
an end radius of 10 nm and a spring constant of ~48 N/m or ~0.06 N/m
(both caused the deformation of many membrane vesicles). AFM imag-
ing was performed in the contact mode at a scan rate of 0.2 Hz in PBS.
For the imaging of the cytoskeleton in the Triton-treated cells, the
preﬁxed cells by 4% paraformaldehyde were incubated with 0.1% Triton
X-100 (Solarbio Science & Technology Co., Beijing, China) for 30 min at
room temperature to destroy the plasma membrane of cells. Immedi-
ately, the cytoskeleton-exposed cells were imaged in PBS by AFM with
Si3N4 tips (48 N/m spring constant) in the contact mode at a scan rate
of 0.2 Hz. PicoView 1.12 equipped with Agilent series 5500 AFM was
used to process all AFM images.
2.4. Statistical analysis
Student t test was performed to determine the signiﬁcance between
different groups. A value of P b 0.05 was considered statistically
signiﬁcant.
3. Results
3.1. Immunoﬂuorescence imaging of actin ﬁlaments by confocalmicroscopy
Prior to AFM imaging, immunoﬂuorescence imaging by confocal mi-
croscopy was performed to investigate the correlation between cell-
bound vesicles and the actin cytoskeleton. Fig. 1A shows the DIC
image of an endothelial cell on which many micro-sized cell-boundell-bound membrane vesicles were showed in DIC image. (B, C) F-actin and paxillin were
G labeled with Alexa ﬂuor 488 (green), showing actin cytoskeleton and focal adhesions,
dhesion at each end. Scale bar: 10 μm.
Fig. 2. AFM topographical images of ﬁxedHUVECs and cell-boundmembrane vesicles in PBS. (A) A single cell. Scale bar: 10 μm. (B)Membrane vesicles (highlighted by the dashed circles)
on the cell. Due to the pressure of the AFM tip during imaging many vesicles were severely deformed although some vesicles (indicated by the white arrows) maintained their relatively
intact shape.
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correlation of cell-bound vesicles with the actin cytoskeleton (red) by
ﬂuorescently staining F-actin and focal adhesions (green) by ﬂuores-
cently staining paxillin (a main focal adhesion molecule), respectively.
Fig. 1D is the merged image showing the correlation among the three
cellular structures.
Clearly, only very long actin ﬁlaments (Fig. 1B) were observed, at
each end of which there was a focal adhesion (Fig. 1D), indicating that
these long actin ﬁlaments are actin stress ﬁbers [21]. Due to the relative-
ly low optical resolution (~200 nm) of confocal microscopy, the short
and slim actin ﬁlaments composing the cortical network under the
plasma membrane were not observed. However, it seems that most
cell-bound membrane vesicles co-localized with F-actin molecules
(most vesicles were red in Fig. 1B) but not stress ﬁbers (ﬁbers cross
few vesicles in Fig. 1B) or focal adhesions (most vesicles were still
gray in Fig. 1C). It implies that the actin cortical network but not stress
ﬁbers potentially exists under cell-bound membrane vesicles.
3.2. Direct AFM imaging of cell-bound membrane vesicles
Our initial attempts to image live cells in liquid failed due to slight
movements of the cells in response to the touch of the AFM tip during
AFM scanning in the contact mode. So, we had to image the cells
preﬁxed in 4% paraformaldehyde by AFM in liquid. The AFM topograph-
ical images of single cells were successfully obtained although thereFig. 3. Confocal microscopy and AFM visualize the transformation of membrane vesicles to pit
preﬁxed cell prior to (A) and 1 h after air drying (B). Scale bar: 5 μm (insets: 1 μm). (C) A re
pits with a donut-shaped (dark center and white periphery) are evident.were some streaking-like ﬂaws (Fig. 2A) due to the fact that the highest
part of most fully spread HUVECs in liquid was 4–6 μmhigh which is al-
most equal to or even exceeds the largest Z range (~5 μm) of the AFM
scanner used. Next, we tried to visualize individual cell-bound mem-
brane vesicles. We found that it was challenging and hard to obtain
the topographical images on which most membrane vesicles were in
relatively intact shape and that the force from an AFM probe readily
caused the depression/deformation of many membrane vesicles during
scanning (Fig. 2B). It is not good from the view point of the high-ﬁdelity
imaging of membrane vesicles. It probably is one reason why no AFM
studies on cell-bound membrane vesicles have been reported until
now. However, this phenomenon provides important information on
the physical property of cell-bound membrane vesicles (relatively soft
and able to be readily deformed), probably reﬂecting that no cytoskele-
ton closely attaches to the inner side of the vesicle membrane to resist
the deformation.
3.3. Confocal microscopy and AFMvisualize the transformation of cell-bound
membrane vesicles to pits
Fig. 3A and B displays the confocal microscopic images of a single
HUVEC cell prior to and after air drying, respectively, showing the trans-
formation ofmost confocal-detectable cell-boundmembrane vesicles to
pits. Fig. 3C shows the representative low-magniﬁcation AFM topo-
graphical image of a single preﬁxed air-dried HUVEC cell, in the plasmas in the plasma membrane of preﬁxed air-dried HUVECs. (A, B) Confocal DIC images of a
presentative AFM topographical image of a preﬁxed air-dried cell. Many vesicle-derived
Fig. 4. The schematic diagram showing the visualization of the cytoskeletal network inside individual vesicle-derived pits. Air drying causes the transformation of cell-bound membrane
vesicles (blue) on preﬁxed cells to pits. The exposed cytoskeletal network inside the vesicle-derived pits (~0.5–2 μm in diameter) can be well detected by the tiny AFM tip (e.g., ~10 nm
curvature radius).
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observed clearly. The cell-boundmembrane vesicleswere probably bro-
ken downby the force from the surface tension ofwater as it evaporated
from cell surfaces. No matter what reason caused the formation of pits,
this fact was consistent with the abovementioned, AFM probe-induced
deformation of cell-bound vesicles. It also provides important informa-
tion on the physical property of cell-bound membrane vesicles (frail
and able to be readily broken down), implying that no cytoskeleton
closely attaches to the inner side of the vesicle membrane to resist the
air drying-induced breakdown of vesicles.
3.4. AFM visualization of ﬁlamentous or network-like structures inside
individual vesicle-derived pits
Since cell-bound membrane vesicles on preﬁxed cells can be trans-
formed to pits by air drying, the exposure of the underlying structure
of membrane vesicles is possible. Moreover, the vesicle-derived pits
have an opening of ~0.5–2 μm in diameter which is much larger than
the curvature radius (~10 nm) of the tip of AFM probe. Therefore, the
pit formation probably provides a good approach for visualizing the cy-
toskeleton under cell-bound membrane vesicles by using AFM (Fig. 4).
Next, we focused on individual vesicle-derived pits by applying AFM
to image local regions of preﬁxed air-dried cells at a high magniﬁcation
(Fig. 5). Fig. 5A shows the AFM topographical and phase images (scan
size: ~2 μm × 2 μm) of a single vesicle-derived pit with an opening of
~1 μm in diameter. A network consisting of several ﬁlamentous struc-
tures can be observed inside the pit. Fig. 5B shows the AFM topograph-
ical and phase images (scan size: ~3.5 μm×3.5 μm)of a relatively larger
pit with a diameter of ~1.5–2 μm. In the phase image, the network
consisting of many ﬁlamentous structures with a space of ≤300 nm be-
tween two parallel ﬁlaments is clearly more visible (Fig. 5A–C). The
height proﬁle (Fig. 5D) of the cross section across the dashed line in
Fig. 5B shows that the diameter (full width at half maximum; FWHM)
of the ﬁlamentous structures is ≤150 nm. Quantitative analysis showed
that the average diameter (FWHM) of the ﬁlamentous structures inside
vesicle-derived pits is 123.2 ± 21.5 nm (n = 300).
3.5. AFM visualization of cytoskeletal ﬁlaments in the plasma membrane-
depleted cells by Triton X-100
To verify whether the AFM-detected ﬁlamentous structures inside
the vesicle-derived pits belong to the actin stress ﬁbers or the actin cor-
tex, we used 0.1% Triton X-100, a non-ionic detergent, to destroy the
plasma membrane of HUVECs and expose the underlying cytoskeleton
for AFM imaging. Fig. 6A–C shows the 2-D and 3-D AFM topographical
images of the cell surface of the lamellipodial region of a Triton X-100-Fig. 5. AFM imaging of individual vesicle-derived pits in the plasma membrane of preﬁxed air-d
single pits showing ﬁlamentous structures with clear boundaries. (C) The ﬁlaments inside the p
(left) and 400 nm (right). (D) The height proﬁle of the cross section across the dashed line in B
arrows in B; its full width is ~300 nm, and the full width at half maximum (FWHM) is ~150 ntreated cell. Fig. 6D shows the height proﬁle of the cross section across
the dashed line in Fig. 6B. Although the boundaries were unclear due
to the inevitably uneven or incomplete depletion of the plasma mem-
brane by the detergent, the cytoskeletal ﬁlamentous structures still
could be observed. Two types of ﬁlaments were distinguishable, the
very long ﬁlament, which had a diameter (FWHM) of approximately
400–500 nm (or even larger), and themuch shorter one, which had a di-
ameter (FWHM) of ≤150 nm (137.4 ± 26.1 nm; n = 250) and took the
form of networks. It is possible that the very long ﬁlament was actin
stress ﬁber and that the short ﬁlament was a part of the actin cortex
which is generally organized as a complex polygonal mesh. The AFM-
detected ﬁlamentous structures inside the vesicle-derived pits were sim-
ilar in size, as well as in mesh-like architecture, to the AFM-detected
shorter ﬁlaments on the Triton X-100-treated cells, implying that the ﬁl-
amentous structures inside the vesicle-derived pits (or under cell-bound
membrane vesicles) belong to the cortical ﬁlaments/network which also
coincideswith the results from the immunoﬂuorescence imaging (Fig. 1).
3.6. AFM detection of the vesicle-derived pits on TNF-α-activated cells
Finally, we sought to investigate the effects of TNF-α on cell-bound
membrane vesicles (Fig. 7). First, confocal microscopy was used to de-
termine the TNF-α-induced change in the number of vesicles per cell
(Fig. 7A). The activation ofHUVECs by TNF-α at 100ng/ml for 6 h caused
a slight but signiﬁcant increase in average number of cell-bound
membrane vesicles per cell from 82.4 ± 20.4 (n = 267) to 87.2 ±
22.0 (n = 267). Next, AFM was utilized to measure the diameter of
the vesicle-derived pits on the resting or TNF-α-activated cells
(Fig. 7B). We found that TNF-α activation also induced a signiﬁcant
increase in average diameter of the vesicle-derived pits from
0.83 ± 0.23 μm (n = 397) to 0.98 ± 0.33 μm (n = 333). Then, indi-
vidual vesicle-derived pits on TNF-α-activated cells were imaged by
AFM (Fig. 7C). Interestingly, particle-like structures instead of ﬁla-
mentous structures were observed inside many vesicle-derived pits
on TNF-α-activated cells (Fig. 7C).
4. Discussion
While circulating membrane vesicles have been intensively studied
because of easy isolation and puriﬁcation, the cell-bound membrane
vesicles are less investigated and poorly understood, including their
shape, structures, dynamics, functions, and the correlationwith circulat-
ing vesicles, among which the spatial relation of cell-bound membrane
vesicles with intracellular cytoskeleton is a very important, fundamental
question. Is there a cytoskeletal network under cell-bound membrane
vesicles? If the answer is yes, there are two possibilities for their spatialried HUVECs. (A, B) AFM topographical (upper panel) and phase (lower panel) images of
its are indicated with white lines showing the network-like structure. Scale bars: 200 nm
. The peak indicated by the black arrow corresponds to the position indicated by the white
m.
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Fig. 6. AFM imaging of the cytoskeletal ﬁlaments in 0.1% Triton X-100-treated HUVECs. (A) AFM topographical image of the cell surface on the lamellipodial region of a cell. (B, C) The 2-D
(B) or 3-D (C) AFM topographical image of the enlarged region indicated by the dashed square in A. (D) The height proﬁle of the cross section across the dashed line in B. The full width of
the large peak is ~900 nm; the peak indicated by the black arrow (its full width is ~300 nm; FWHM= ~150 nm) corresponds with the position indicated by the white arrow in B.
2230 X. Zhang et al. / Biochimica et Biophysica Acta 1848 (2015) 2225–2232relationship: a) the cytoskeletal network attaches to the inner leaﬂet of
the vesicle membrane via certain anchoring molecules; and b) they
completely separate from each other without any contact.
While nowell-known approaches are currently available for directly
addressing this question due to the small size of cell-bound membrane
vesicles, we provided some indirect evidence supporting that the cell-
bound membrane vesicles separate from the intracellular cytoskeleton
without any contact. First, the membrane vesicles on preﬁxed cells are
very easy to be depressed by the force exerted by AFM probe when im-
aged in liquid (Fig. 2). Second, the membrane vesicles on preﬁxed cells
could be broken down and transformed into pits by the force exerted by
air drying (Fig. 3). It is well established that the cytoskeleton closely
linked with the inner leaﬂet of the plasma membrane can provide the
plasmamembranewith themechanical strength towithstand the stress
or shear forces from the outside environment [22,23]. If there was a
cytoskeletal network associatedwith the cytoplasmic surface of the ves-
icle membrane and the cytoskeleton became rigid due to the aldehyde-
induced ﬁxation [24], the cell-bound membrane vesicles should not be
so easily depressed by AFM probe or broken by air drying. Third, we in-
deed observed ﬁlamentous structures or network inside individual
vesicle-derived pits (i.e. at the cytosolic opening of a vesicle) on preﬁxed
cells (Fig. 5). Since the cells were preﬁxed prior to air drying and AFM
imaging, the AFM-imaged network inside a pit was not caused by the
elastic shrinkage of the network closely associatedwith the inner leaﬂet
of cell-bound membrane vesicles, further conﬁrming that the cytoskel-
eton completely separates from the vesicle membrane.
After air drying, the cell-bound membrane vesicles were trans-
formed to pits with a round opening of approximately 1 μm in diameter
which is similar to the size of the native cell-bound membrane vesicles
(Figs. 3 and 5). It implies that cell-bound membrane vesicles are not
sphere-shaped but probably hemisphere-shaped with the cytoskeleton
at theirmicro-sized cytosolic opening.We speculate that there are some
speciﬁc molecules at the junction of the vesicle membrane and the
plasma membrane which anchor the cytoskeleton to the edge of thecytosolic opening ormaintain the shape of the cytosolic opening. To cer-
tify this speculation will be interesting and meaningful but challenging
and more speciﬁc approaches or techniques will be recruited.
Another question is whether the cytoskeleton under individual cell-
bound membrane vesicles belongs to actin stress ﬁbers or actin cortical
network. Our data support the latter. First, the immunoﬂuorescence
confocal imaging showed that the stress ﬁbers crossed few membrane
vesicles and that most membrane vesicles co-localized with F-actin
molecules which might be composed of the actin cortical network
hardly detected by confocal microscopy (Fig. 1). Second, inside the
vesicle-derived pits AFM detected themesh-like structures with a com-
partment size of ≤300 nm (Fig. 5A–C), which is close to the previously
reported compartment sizes (~20–300 nm for different cell types) of
actin cortical mesh [25–28]. Third, we detected two types of ﬁlaments
on the plasma membrane-depleted cells by using AFM, long ﬁlaments
with a diameter (FWHM) of ≥400 nm and much shorter network-
forming ﬁlaments with a diameter (FWHM) of ≤150 nm, which proba-
bly correspond to the stress ﬁbers and actin cortical ﬁlaments, respec-
tively (Fig. 6). The ﬁlamentous structures detected by AFM inside
individual vesicle-derived pits also had a diameter (FWHM) of
≤150 nm and took a form of network (Fig. 5). All these data imply
that the cytoskeleton under individual cell-bound membrane vesicles
belongs to actin cortical network instead of stress ﬁbers.
Some reagents (e.g., TNF-α) can signiﬁcantly increase the release of
membrane vesicles by inducing the activation or apoptosis of many cell
types, includingHUVECs [12]. Although the releasedmembrane vesicles
from activated/apoptotic cells have been characterized extensively,
much less is known about their status on the cell surfaces prior to re-
lease. We found that TNF-α treatment caused signiﬁcant increases in
both average number and average diameter of cell-bound membrane
vesicles (or vesicle-derived pits) (Fig. 7A,B), whichmight be a precursor
step for the release of membrane vesicles from activated cells. Inside
many vesicle-derived pits on TNF-α-activated cells, we observed
particle-like structures instead of ﬁlamentous structures (Fig. 7C).
Fig. 7. Effects of TNF-α on cell-boundmembrane vesicles or the vesicle-derived pits onHUVECs. The cells were treatedwith TNF-α at 100 ng/ml for 6 h. (A) Average number of cell-bound
membrane vesicles per cell detected by confocalmicroscopy. (B) Average diameter of the vesicle-derived pits detected byAFM. (C) Representative AFM topographical images of individual
vesicle-derived pits on TNF-α-activated cells. *, P b 0.05; **, P b 0.01 vs. the control.
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skeleton in endothelial cells [29,30] and that the disruption of actin cy-
toskeleton is tightly related with the release of membrane vesicles [7,
31], it is possible that TNF-α activation caused the enlargement of
the spaces among cytoskeletal ﬁlaments due to the local relaxation/
disruption of actin cytoskeleton and that some cytoplasmic matters
were squeezed out through the enlarged spaces during air drying to
form the particle-like structures.
Taken together, our data indicate that cell-boundmembrane vesicles
are hemisphere-shaped and that the actin cortical network lies at the
cytosolic opening of a vesicle instead of being closely attached to the
inner side of the vesicle membrane. This structure of cell-bound mem-
brane vesicles seems more efﬁcient as individual entities or platforms
for their release from or movement in the plasma membrane since
less membrane-cytoskeleton coupling needs to be broken which mini-
mizes energy consumption and time usage. Moreover, our data indicate
that TNF-α activation can induce a signiﬁcant increase in average num-
ber and average size of cell-bound membrane vesicles and potentially
cause the local disruption of the actin network underlying cell-bound
vesicles. Therefore, our data provide important information for a better
understanding of the structure of cell-bound membrane vesicles and
the production/release of circulating membrane vesicles.Acknowledgments
This study was supported by the National Natural Science Founda-
tion of China (31260205) and the Scientiﬁc Research Foundation for
Returned Overseas Chinese Scholar of State Education Ministry.References
[1] J. Ratajczak, M. Wysoczynski, F. Hayek, A. Janowska-Wieczorek, M.Z. Ratajczak,
Membrane-derived microvesicles: important and underappreciated mediators of
cell-to-cell communication, Leukemia 20 (2006) 1487–1495.
[2] S. Tual-Chalot, D. Leonetti, R. Andriantsitohaina, M.C. Martinez, Microvesicles:
intercellular vectors of biological messages, Mol. Interv. 11 (2011) 88–94.
[3] O. Morel, N. Morel, L. Jesel, J.M. Freyssinet, F. Toti, Microparticles: a critical compo-
nent in the nexus between inﬂammation, immunity, and thrombosis, Semin.
Immunopathol. 33 (2011) 469–486.
[4] A.S. Leroyer, F. Anfosso, R. Lacroix, F. Sabatier, S. Simoncini, S.M. Njock, N. Jourde, P.
Brunet, L. Camoin-Jau, J. Sampol, F. Dignat-George, Endothelial-derivedmicroparticles:
biological conveyors at the crossroad of inﬂammation, thrombosis and angiogenesis,
Thromb. Haemost. 104 (2010) 456–463.
[5] F. Dignat-George, C.M. Boulanger, The many faces of endothelial microparticles,
Arterioscler. Thromb. Vasc. Biol. 31 (2011) 27–33.
[6] G.N. Chironi, C.M. Boulanger, A. Simon, F. Dignat-George, J.M. Freyssinet, A. Tedgui,
Endothelial microparticles in diseases, Cell Tissue Res. 335 (2009) 143–151.
[7] M.C. Martinez, S. Tual-Chalot, D. Leonetti, R. Andriantsitohaina, Microparticles:
targets and tools in cardiovascular disease, Trends Pharmacol. Sci. 32 (2011)
659–665.
[8] O. Morel, L. Jesel, J.M. Freyssinet, F. Toti, Cellular mechanisms underlying the forma-
tion of circulating microparticles, Arterioscler. Thromb. Vasc. Biol. 31 (2011) 15–26.
[9] P.E. Rautou, A.C. Vion, N. Amabile, G. Chironi, A. Simon, A. Tedgui, C.M. Boulanger, Mi-
croparticles, vascular function, and atherothrombosis, Circ. Res. 109 (2011) 593–606.
[10] V. Betapudi, G. Lominadze, L. Hsi, B. Willard, M.F. Wu, K.R. McCrae, Anti-beta(2)GPI
antibodies stimulate endothelial cell microparticle release via a nonmuscle myosin II
motor protein-dependent pathway, Blood 122 (2013) 3808–3817.
[11] S.R. Thom, V.M. Bhopale, M. Yang, Neutrophils generate microparticles during expo-
sure to inert gases due to cytoskeletal oxidative stress, J. Biol. Chem. 289 (2014)
18831–18845.
[12] V. Combes, A.C. Simon, G.E. Grau, D. Arnoux, L. Camoin, F. Sabatier, M. Mutin, M.
Sanmarco, J. Sampol, F. Dignat-George, In vitro generation of endothelial micropar-
ticles and possible prothrombotic activity in patients with lupus anticoagulant, J.
Clin. Invest. 104 (1999) 93–102.
[13] D.J. Muller, Y.F. Dufrene, Atomic force microscopy: a nanoscopic window on the cell
surface, Trends Cell Biol. 21 (2011) 461–469.
2232 X. Zhang et al. / Biochimica et Biophysica Acta 1848 (2015) 2225–2232[14] H.S. Leong, T.J. Podor, B. Manocha, J.D. Lewis, Validation of ﬂow cytometric detection
of platelet microparticles and liposomes by atomic force microscopy, J. Thromb.
Haemost. 9 (2011) 2466–2476.
[15] S. Li, F. Eghiaian, C. Sieben, A. Herrmann, I.A.T. Schaap, Bending and puncturing the
inﬂuenza lipid envelope, Biophys. J. 100 (2011) 637–645.
[16] I. Casuso, F. Rico, S. Scheuring, Biological AFM:wherewe come from–wherewe are–
where we may go, J. Mol. Recognit. 24 (2011) 406–413.
[17] X. Shi, X. Zhang, T. Xia, X. Fang, Living cell study at the single-molecule and single-cell
levels by atomic force microscopy, Nanomedicine (London) 7 (2012) 1625–1637.
[18] L.Wu, J. Huang, X.X. Yu, X.Q. Zhou, C.Y. Gan,M. Li, Y. Chen, AFM of the ultrastructural
and mechanical properties of lipid-raft-disrupted and/or cold-treated endothelial
cells, J. Membr. Biol. 247 (2014) 189–200.
[19] Y. Yuana, T.H. Oosterkamp, S. Bahatyrova, B. Ashcroft, P. Garcia Rodriguez, R.M.
Bertina, S. Osanto, Atomic force microscopy: a novel approach to the detection of
nanosized blood microparticles, J. Thromb. Haemost. 8 (2010) 315–323.
[20] B.A. Ashcroft, J. de Sonneville, Y. Yuana, S. Osanto, R. Bertina, M.E. Kuil, T.H.
Oosterkamp, Determination of the size distribution of blood microparticles directly
in plasma using atomic force microscopy and microﬂuidics, Biomed. Microdevices
14 (2012) 641–649.
[21] D.H. Kim, S.B. Khatau, Y.F. Feng, S. Walcott, S.X. Sun, G.D. Longmore, D. Wirtz, Actin
cap associated focal adhesions and their distinct role in cellular mechanosensing,
Sci. Rep-Uk 2 (2012).
[22] J.H. Hartwig, H.L. Yin, The organization and regulation of the macrophage actin skel-
eton, Cell Motil. Cytoskeleton 10 (1988) 117–125.
[23] D.E. Discher, R. Winardi, P.O. Schischmanoff, M. Parra, J.G. Conboy, N. Mohandas,
Mechanochemistry of protein 4.1's spectrin-actin-binding domain — ternarycomplex interactions, membrane-binding, network integration, structural strength-
ening, J. Cell Biol. 130 (1995) 897–907.
[24] F. Zeng, W. Yang, J. Huang, Y. Chen, Y. Chen, Determination of the lowest concentra-
tions of aldehyde ﬁxatives for completely ﬁxing various cellular structures by real-
time imaging and quantiﬁcation, Histochem. Cell Biol. 139 (2013) 735–749.
[25] T. Fujiwara, K. Ritchie, H. Murakoshi, K. Jacobson, A. Kusumi, Phospholipids undergo
hop diffusion in compartmentalized cell membrane, J. Cell Biol. 157 (2002)
1071–1081.
[26] K. Murase, T. Fujiwara, Y. Umemura, K. Suzuki, R. Iino, H. Yamashita, M. Saito, H.
Murakoshi, K. Ritchie, A. Kusumi, Ultraﬁne membrane compartments for molecular
diffusion as revealed by single molecule techniques, Biophys. J. 86 (2004)
4075–4093.
[27] N. Morone, T. Fujiwara, K. Murase, R.S. Kasai, H. Ike, S. Yuasa, J. Usukura, A. Kusumi,
Three-dimensional reconstruction of the membrane skeleton at the plasma mem-
brane interface by electron tomography, J. Cell Biol. 174 (2006) 851–862.
[28] G. Salbreux, G. Charras, E. Paluch, Actin cortex mechanics and cellular morphogen-
esis, Trends Cell Biol. 22 (2012) 536–545.
[29] S.E. Goldblum, X.D. Ding, J. Campbellwashington, TNF-alpha induces endothelial-cell
f-actin depolymerization, new actin synthesis, and barrier dysfunction, Am. J. Phys-
iol. 264 (1993) C894–C905.
[30] J.A.G. Mckenzie, A.J. Ridley, Roles of Rho/ROCK and MLCK in TNF-alpha-induced
changes in endothelial morphology and permeability, J. Cell. Physiol. 213 (2007)
221–228.
[31] M.L. Coleman, E.A. Sahai, M. Yeo, M. Bosch, A. Dewar, M.F. Olson, Membrane bleb-
bing during apoptosis results from caspase-mediated activation of ROCK I, Nat.
Cell Biol. 3 (2001) 339–345.
